While memory encoding and consolidation processes have been linked with dopaminergic signaling for a long time, the role of dopamine in episodic memory retrieval remained mostly unexplored. Based on previous observations of striatal activity during memory retrieval, we used pharmacological functional magnetic resonance imaging to investigate the effects of dopamine on retrieval performance and metacognitive memory confidence in healthy humans. Dopaminergic modulation by the D2 antagonist haloperidol administered acutely during the retrieval phase improved recognition accuracy of previously learned pictures significantly and was associated with increased activity in the substantia nigra/ventral tegmental area, locus coeruleus, hippocampus, and amygdala during retrieval. In contrast, confidence for new decisions was impaired by unsystematically increased activity of the striatum across confidence levels and restricted range of responsiveness in frontostriatal networks under haloperidol. These findings offer new insights into the mechanisms underlying memory retrieval and metacognition and provide a broader perspective on the presence of memory problems in dopamine-related diseases and the treatment of memory disorders.
INTRODUCTION
The neurotransmitter dopamine has been linked with learning and memory for a long time [1] . In particular, encoding and consolidation of memories require the stimulation of dopamine receptors as part of a hippocampal-striatal-prefrontal loop that orchestrates the formation of new memories [2, 3] . Dopaminergic effects on working memory (WM) are well established in animals and humans [4] , but dopamine has also been reported to affect other domains of memory (e.g., [5, 6] ). For episodic memory, while several pharmacological studies reported dopaminergic effects on encoding or consolidation [7] [8] [9] [10] , effects on retrieval performance were often absent or inconclusive [11] [12] [13] [14] [15] . Importantly, however, in all these human pharmacological studies dopaminergic involvement in the retrieval of stored episodic memories could not be examined in isolation from effects on encoding and consolidation because dopamine is usually manipulated already during the encoding phase (but see [16] [17] [18] for a notable exception in false memory research). Also, disorders linked with aberrant dopamine function such as schizophrenia or Parkinson's disease often feature impairments in memory [19] [20] [21] , but these memory deficits cannot be constrained to retrieval-specific dopaminergic effects. To bridge this gap, we designed a placebo-controlled pharmacological functional magnetic resonance imaging (fMRI) study on episodic memory retrieval in which dopamine is modulated only during the retrieval phase to test specifically effects on recognition of pre-drug-encoded pictures.
Previous evidence for a retrieval-specific role of dopamine comes from two branches of research. On the one hand, rat studies suggested that post-encoding administration of D2-receptor antagonist haloperidol facilitated memory retrieval [22, 23] . On the other hand, human fMRI studies from our own lab [24, 25] as well as from other labs [26] [27] [28] consistently reported very robust striatal activity during the retrieval of nonvalent episodic information. This striatal activity might stem from dopamine signaling arriving from the midbrain in the dopamine-innervated striatum [29, 30] and has been suggested to reflect motivational aspects of retrieval such as higher subjective value of successfully retrieving old than rejecting new items [26] or higher memory confidence during retrieval [25] . Intriguingly, however, dopamine might also affect the actual retrieval of episodic information. In a previous fMRI study, we demonstrated independent retrieval-related and memory confidence signals in overlapping striatal regions [24] in an established picture recognition paradigm [25] . We here investigated whether these striatally mediated memory processes are indeed dopaminergic using acute administration of 2 mg of the D2-receptor antagonist haloperidol in combination with fMRI measurements during retrieval.
Importantly, acute low doses of D2 antagonists are thought to preferably block the presynaptic D2 autoreceptors [31, 32] , which regulate dopamine release (in addition to synthesis and reuptake, see [33] ) and therefore potentiate phasic dopamine release [34] [35] [36] [37] [38] . With regard to our memory task, this means that a presumably phasic dopamine release evoked by the picture recognition might be amplified by the D2 antagonist blocking the autoreceptors. In terms of fMRI activity, the measured signal will reflect the net effect of presynaptic and postsynaptic dopaminergic receptor activation [39, 40] . Striatal cerebral blood volume (CBV) and blood oxygenation level-dependent (BOLD) MRI signal increases have been shown to parallel dopamine release into the striatum evoked by amphetamine [41, 42] . Moreover, this amphetamine-induced CBV increase is potentiated by D2 antagonists and attenuated by D2 agonists, respectively [38, 43] , while application of low-dose D2 antagonists alone lead only to slightly enhanced striatal CBV/BOLD [38, 44, 45] . Therefore, we assume that a presumably phasic dopamine release evoked by the picture recognition paradigm should be potentiated by haloperidol and this should be reflected by increased BOLD activity in dopaminergic regions involved in memory retrieval or memory confidence.
MATERIALS AND METHODS
Participants and group allocation Fifty-four healthy volunteers without previous or current physical or mental diseases, medication, or drug use (14 males, mean age 24 ± 2.9 years) participated in the study (note that the higher proportion of females in the participant sample came about by chance). The study was approved by the local ethics committee of the Hamburg Medical Association and written consent was given by each participant before the start of the study. All participants were informed about the purpose and the course of the study and about the potential risks and side effects of haloperidol and they were instructed to restrain from caffeine, nicotine, and alcohol on the day of the fMRI testing. Random group assignment was conducted by TS, who did not interact with the participants at any time. All participants were monitored for side effects and mood effects after drug administration and had to indicate the substance (haloperidol or placebo) they thought they had received at the end of the study (see Supplementary Materials and Methods).
Experimental design
Encoding for the fMRI experiment took place outside the scanner on the first day ( Fig. 1 and Supplementary Materials and Methods) within a 1-h baseline testing session (no medication given). The next day, the participants started the picture recognition inside the scanner approximately 2.5 h after tablet ingestion (2 mg haloperidol or placebo). During the recognition task ( Fig. 1) , all 80 previously encoded pictures were presented randomly intermixed with 80 new pictures in five functional runs (see Supplementary Materials and Methods for all details of the MR acquisition and fMRI analysis). For each picture (presented for 4 s, interstimulus intervals 2-4 s), participants indicated the old/new status and their subjective memory confidence on a combined 6-point confidence scale (1-"high confidence old," 6-"high confidence new") by pressing one of six buttons. The boxes corresponding to the various levels of confidence old/new were horizontally arranged in each trial in random order to minimize transfer effects to the next rating. Feedback about the correctness of the response was not given. Two to four seconds after each confidence old/new rating participants indicated how pleasant the preceding memory retrieval was on a visual analog scale ranging from 1 ("not at all") to 100 ("very much"). The completion of this task took approximately 45 min.
Recognition memory analyses Recognition trials were sorted post hoc into the response categories: hits (correct old responses), correct rejections (CRs, correct new responses), false alarms (FA, incorrect old responses), and misses (incorrect new responses). Discrimination sensitivity (d′) and response bias (c) were computed according to the signal detection approach [46] . Discrimination sensitivity was calculated as d' = z(H) − z(FA), where z represents the inverse of the cumulative normal distribution and H = p(response = old|stimu-lus = old) and FA = p(response = old|stimulus = new). Response bias was calculated as c = −0.5[z(H) + z(FA)]. We moreover analyzed the effects of haloperidol on recollection vs. familiarity processes [47] using the dual-process signal detection model as implemented in the ROC Toolbox [48] . The individual familiarity parameters were transformed from z-standardized scores to probabilities to make them comparable to the recollection parameters prior to the statistical analysis.
Metamemory for old and new picture trials was quantified by calculating response-specific meta-d′ values per trial type (old/ new) [49] using the MATLAB code available at http://www. columbia.edu/~bsm2105/type2sdt. Meta-d′ aims to quantify metacognitive sensitivity, that is, how well the observer's confidence ratings discriminate between correct and incorrect responses. Meta-d′ can be evaluated with respect to d′ in order to take into account the observer's discrimination sensitivity by calculating meta-d′ − d′ (meta-d′ difference) as meta-d′ is expressed in the same units as d′. Suboptimal metacognition is reflected by meta-d′ difference values below zero and enhanced metacognition is reflected by meta-d′ difference values above zero [50] . For one placebo participant, the modeled meta-d′ for old picture trials was more than 4 standard deviations above the mean (z-score > 4.4) and thus this participant was excluded from the group analysis.
RESULTS

General drug effects
The groups did not differ with regard to age, sex, weight, or in terms of baseline WM (Table 1) . Moreover, participants were not able to guess the substance received above chance level and there were no group differences in reported side effects or Note that increased activity in the right dorsal striatum was also present, but its extent (k = 76 voxels) and height (z = 3.52) did not pass the FWE-corrected threshold of p < 0.05. The inverse contrast (placebo > haloperidol) revealed no significant activity. Activation maps are thresholded at p < 0.05 (FWE-corrected at the cluster level using a cluster forming threshold at voxel level of p < 0.001). HC high confidence, MC medium confidence, LC low confidence Dopamine is a double-edged sword: dopaminergic modulation enhances memory. . . M Clos et al.
subjective feelings relative to baseline (Table S1 ). With regard to overall group differences, our fMRI results showed significantly higher activity under haloperidol compared to placebo across all recognition trials (see Supplementary Materials and Methods) specifically and selectively in the dorsal striatum (p < 0.05 wholebrain family-wise error (FWE)-corrected; Fig. 1b) . No significant activity differences were found for the inverse contrast (placebo > haloperidol) in any brain region.
Differential effects of haloperidol on recognition performance, metamemory, and WM Recognition memory performance (d′) was significantly enhanced in the haloperidol group (t(52) = −2.27, p = 0.028, Cohen's d = −0.63/Pearson's r = 0.30 (medium effect size); Fig. 2b and Fig. S1B ), but showed no group difference in response bias (Fig. S1C) . The superior memory discrimination in the haloperidol group was similarly due to more correct responses for old and new items (significant group × accuracy interaction (F(1,52) = 6.19, p = 0.016), but there were no significant group differences for the hit or FA rate (all p < 0.10); Table 2 ). Restricting this analysis to only high confidence responses also revealed a similar pattern without significant group differences for the hit or FA rate (all p < 0.10) (Fig. S2) .
We additionally analyzed the recognition performance within the framework of the dual-process signal detection model [48] . Although there was no group × memory-type (recollection/familiarity) interaction (F(1, 52) < 0.01, p=0.957, we analyzed the recollection and familiarity effects separately. The haloperidol group had significantly higher estimates of recollection only (t (52) = −2.29, p = 0.026, Cohen's d = −0.64/Pearson's r = 0.30 (medium effect size) ; Fig. 2c) ; there was no group difference in the estimates of familiarity (t (52) = −1.55, p = 0.128). However, due to the absence of the interaction effect we do not draw any conclusions from this observation.
In contrast, metacognitive memory confidence showed some impairment under haloperidol. Meta-d′ difference (meta-d′ − d′) showed a significant group × old/new interaction (F(1, 51) = 4.46, p = 0.04, partial η 2 = 0.08 (medium effect size)), demonstrating comparably enhanced metamemory for old items in the haloperidol group as in the placebo group, but suboptimal metamemory for new items (Fig. 2d) . In a similar vein, the frequency of confidence responses showed a significant shift Fig. 2d ). As this shift was due to a relative reduction of both HC and LC new responses, this effect was not reflected by a significant group difference in mean confidence (Table 2) . Together, these analyses point to an impairing effect of acute haloperidol administration on metacognitive confidence for new decisions.
There were no group differences for response times or for pleasantness (Table 2 and Fig. S4B ). Including the baseline WM span summary score as a covariate to control for individual differences in baseline dopamine level revealed no effect on any of the observed group differences, indicating either that baseline dopamine level did not influence the acute haloperidol effects or that the WM span was not a good proxy for baseline dopamine level. Of interest, however, there was an detrimental effect of acute haloperidol on WM measured directly after scanning relative to the baseline WM measured before drug administration: the WM summary score demonstrated decreased WM span under haloperidol (time × group interaction: F(1,50) = 4.28, p = 0.044, partial η 2 = 0.079 (medium effect size); Fig. 2a and Fig. S1A ).
Increased activity in midbrain and mnemonic regions is linked with better recognition performance We examined fMRI effects of memory by grouping trial onsets into hit, CR, FA, and miss trials (see Supplementary Materials and Methods). Across both groups, retrieval success (hits > CR) [28] revealed activity in various brain regions including the striatum, prefrontal cortex (PFC), hippocampus, substantia nigra/ventral tegmental area (SN/VTA) and anterior cingulate cortex (ACC) (p < 0.05 whole-brain FWE-corrected; Fig. 3a ). The haloperidol group had significantly higher activity for retrieval success ((haloperidol hits > CR) > (placebo hits > CR) in a cluster localized specifically in the SN/VTA, the hippocampus, amygdala and locus coeruleus (LC) (p < 0.05 whole-brain FWE-corrected; Fig. 3b and Table 3 ), suggesting that superior memory performance under haloperidol was linked with higher activity in these midbrain and mnemonic regions. Of note, we observed no group differences for this retrieval success activity in the striatum even at an uncorrected threshold despite overall increased striatal activity under haloperidol (see also β plot in Fig. 3a) . Supporting the role for dopaminergic and hippocampal activity in retrieval performance, the individual activity in the SN/VTA for retrieval success correlated significantly with memory discrimination (d′) and with right anterior (CA1) hippocampal activity for retrieval success in the haloperidol group (SN/VTA × d′: haloperidol group: r = 0.47, p = 0.014, placebo group: r = 0.16, p = 0.445; SN/VTA × hippocampus: haloperidol group: r = 0.50, p = 0.008, placebo group: r = 0.26, p = 0.192; Fig. 3b ). As these correlations were not significantly different between groups, these correlation findings merely suggest that participants with higher SN/VTA activity showed better recognition memory and had higher hippocampal activity during retrieval in both groups, although this relationship was more pronounced on a descriptive level in the haloperidol group. We additionally examined the data for drug effects on false alarms by computing the group by false memory interactions: (haloperidol FA > CR) > (placebo FA > CR) and (placebo FA > CR) > Fig. 2 Behavioral effects under haloperidol (dark gray) and placebo (light gray). a Working memory: Difference in mean z-transformed WM performance after drug administration relative to baseline. b Memory accuracy: mean d′. c Mean recollection and familiarity parameters (left) and dual-process model-predicted ROC curves (right) with mean observed ROC values (triangles/circles). d Metacognition: mean meta-d′ difference (meta-d′ − d′) for old and new items (left) and frequency of confidence ratings for old and new responses (right). */**Significant group difference at p < 0.05/at p < 0.01 (for post-hoc tests after Bonferroni correction); ǂ Significant group × condition interaction at p < 0.05. NS non-significant. Error bars denote the SEM. HC high, MC medium, LC low confidence Dopamine is a double-edged sword: dopaminergic modulation enhances memory. . . M Clos et al.
(haloperidol FA > CR). There were no significant group differences in false memory activation at an FWE-corrected level (whole-brain or small-volume), but there was some indication of reduced striatal activity in the haloperidol group at an uncorrected level of p < 0.01 (Fig. S3 ).
Aberrant activity in frontostriatal circuit is linked with impaired metamemory for new decisions
For the analysis of confidence, we split the hit, CR, FA, and miss trials further into high confidence (HC), medium confidence (MC), and low confidence (LC) trials (see Supplementary Materials and Methods). The main effect of confidence (HC > LC) across groups revealed similar frontostriatal-parietal regions as previous studies [24, 25] (Fig. S4A ). The haloperidol group had significantly lower confidence activity ((placebo HC > LC) > (haloperidol HC > LC)) in the PFC and ACC (p < 0.05 whole-brain FWE-corrected) and in the right ventral striatum (p < 0.05 small-volume FWE-corrected; Fig. 3c and Table 3 ). Importantly, the β parameters in Fig. 3c indicate that this reduced striatal confidence response under haloperidol was due to reduced differentiation between confidence levels rather than due to reduced striatal signal per se: replicating our previous non-pharmacological study [25] , the placebo group showed linear decreasing activity in the striatum with decreasing confidence across response category conditions, but this linear confidence effect was clearly reduced under haloperidol due to an unsystematic activity increase across confidence levels. Note that this effect was particularly evident for correct new decisions (CR trials) and that miss trials show a somewhat peculiar pattern under haloperidol. A similar reduced confidence differentiation, but without overall increased activity was observed in the ACC.
DISCUSSION
We showed that retrieval of episodic information can be improved post learning by acute D2 antagonist administration. The retrievalspecific recognition enhancement of haloperidol is in agreement with previous reports of haloperidol-induced post-learning memory retrieval facilitation in the rat [22, 23] and with preliminary evidence of recognition impairments under decreased dopaminergic transmission in humans using a low-dose dopaminergic agonist [13] . However, the current retrieval-specific results go beyond this latter study where dopamine levels were not exclusively manipulated during retrieval and therefore the observed recognition deficit might also be due to dopaminergic effects on encoding. Inconclusive or absent retrieval performance effects of dopamine in other human pharmacological studies [11, 12, 14, 15] might likewise have resulted from a failure to constrain dopaminergic modulation to the retrieval phase specifically.
Of interest, the few human pharmacological studies that examined the retrieval effects specifically using dopamine agonists such as amphetamine, THC, or MDMA [16] [17] [18] observed increased false recognition under drug in the absence of retrieval accuracy effects. In contrast, our present results give no clear indication of a haloperidol effect on false alarm rates. These contradictory findings might be explained by a different impact on prefrontal retrieval monitoring mechanisms by these drugs. Specifically, while these dopamine agonists might target in particular frontal circuits linked with monitoring and false memory recognition [17] , haloperidol has only marginal direct effects on frontal circuits but acts primarily on the striatum [37, 51] . Additionally, it should be noted that low-dose dopamine agonists can have likewise paradoxical effects due to the primary activation of the high-affinity presynaptic autoreceptors (e.g., [13, 40] ) and therefore it cannot be excluded that these previously reported false recognition effects [16] [17] [18] result from decreased (rather than increased) dopaminergic neurotransmission.
Importantly, the fMRI data acquired in the present recognition study give an indication of the direction of the dopaminergic effects associated with the memory effects observed on the behavioral level. In particular, the increased striatal and SN/VTA activations indicate that haloperidol indeed potentiated dopamine release from the SN/VTA by blocking the presynaptic autoreceptors [37, 38, 43] . The resulting increased stimulation of (postsynaptic) dopamine receptors in the hippocampus and amygdala might have improved memory discrimination, possibly by augmenting the signal-to-noise ratio [52] [53] [54] of the mnemonic representation in these structures. This explanation is in accordance with the higher fMRI activity for retrieval success in these regions and in the dopaminergic midbrain under haloperidol. Still, it should be noted that the haloperidol-induced dopamine increase (e.g., [34, 35, 37] ) as well as the tight correlation between dopaminergic stimulation and BOLD activity [38, [41] [42] [43] is thoroughly established in the striatum, but comparably less clear for the hippocampus or amygdala (though see [55, 56] ). In contrast, the fMRI activity of memory confidence suggested that enhanced dopaminergic stimulation of frontostriatal networks under haloperidol resulted in behavioral impairments in metamemory for new decisions and probably also contributed to the decreased WM performance [31] in the haloperidol group. In particular, the unsystematically increased striatal activity across all confidence levels ("reduced confidence differentiation") under haloperidol might have limited the dynamic response range of the striatum [52] to signal the previously reported linear increasing striatal confidence activity from low to high confidence [25] and altered striatal interactions with the PFC and ACC underlying metacognition. This frontostriatal metacognitive process seems to be more important for new decisions than for old decisions, as only the former were impaired under haloperidol. Of interest, an improvement of prefrontal metacognition for memory retrieval through the dopamine agonist L-dopa was reported by [57] while another recent study [58] did not observe an effect of dopamine on metacognition in a perceptual dot motion task. This could point to different mechanisms underlying the introspective Dopamine is a double-edged sword: dopaminergic modulation enhances memory. . . M Clos et al. metacognition in memory retrieval compared to perceptual metacognition (see also [59] ).
Together, these data demonstrate that the dopaminergic modulation here has facilitating effects on midbrain-hippocampal memory retrieval, but detrimental effects on frontostriatally mediated metamemory. These opposing findings are in agreement with recently demonstrated dissociable brain mechanisms underlying recognition performance and memory confidence in non-human primates [60] , as well as with long-established behavioral dissociations between memory accuracy and confidence in human cognitive studies (e.g., [61] [62] [63] [64] ). Beyond this dissociation, our findings might help to explain the presence of episodic memory [65] and metamemory [66] impairments in dopamine-related diseases, as well as offer new perspectives for the treatment of memory disorders.
Limitations
Our interpretation rests on the assumption that acute administration of 2 mg haloperidol will actually increase dopaminergic signaling. However, this effect has been directly demonstrated only in animals. Previous human fMRI studies using similar doses of haloperidol usually assumed that the drug decreases dopaminergic signaling (e.g., [67, 68] ). It is possible that the effect of haloperidol is relatively dependent on the task and the kind of stimuli. Moreover, D2 antagonist effects on autoreceptor actions are certainly complex and not understood in all details. Depending on the state of the dopamine neurons and the exact stimulation pattern, regulation effects of the autoreceptors may vary and also feature additional components shaping the neuron's activity [69] . Also, the observed memory effects might stem from interactions with other neurotransmitter systems (especially noradrenaline [23] ) and be tightly linked to specific doses determining the amount of presynaptic vs. postsynaptic blockade [70] . Eventually, additional studies using multi-modal methodological approaches [71] will be necessary to resolve these contradictory drug findings as well to examine the specificity of dopaminergic effects on memory retrieval in more detail.
Finally, drug studies are prone to vascular baseline effects confounding the MR signal [72] . The critical fMRI group differences we report here for memory retrieval and confidence are well controlled for such potential baseline differences as we compared hit with CR trials and high with low confidence trials, respectively. General drug effects affecting the vascular reactivity should affect both conditions similarly and are therefore removed before the groups are compared. Still, future studies might consider to control these potential confounds more rigorously by, for example, measuring the baseline brain perfusion using arterial spin labeling and by recording and correcting for physiological parameters such as heart or breathing rate [72] .
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Supplementary Information accompanies this paper at (https://doi.org/10.1038/ s41386-018-0246-y). Fig. 3 fMRI results . a Activity pattern of retrieval success across groups and β estimates from the peak voxel in the right striatum. b Significantly increased activity for retrieval success under haloperidol in the hippocampus and amygdala (left), SN/VTA (middle; activation displayed on the mean MT image showing the SN/VTA as a bright region) and LC (right; activation overlaid with the LC mask [73] in magenta). Scatter plots of the individual SN/VTA response for retrieval success and memory accuracy (left) and the individual anterior hippocampus response for retrieval success (right) in the haloperidol (dark gray triangles) and the placebo group (light gray circles). c Regions showing higher confidence activity under placebo and β plots illustrating the confidence pattern in the right striatum and the ACC. Dashed lines represent the linear trend across confidence levels. All activation maps are thresholded at p < 0.05 (warm colors: FWE-corrected at the cluster level using a cluster forming threshold at voxel level of p < 0.001; cold colors: small-volume FWE-corrected using anatomical masks). The inverse contrasts revealed no significant activations. HC high confidence, MC medium confidence, LC low confidence, IA interaction x, y, z coordinates refer to the peak voxel in MNI space thresholded at P < 0.05 (FWE-corrected at the cluster level/small volume FWE-corrected). No significant activations were observed for the inverse contrasts. R right, L left, H haloperidol, P placebo, LC locus coeruleus, SN/VTA substantia nigra/ventral tegmental area, MFG middle frontal gyrus, SFG superior frontal gyrus, ACC anterior cingulate gyrus, SMA supplementary motor area, NAcc nucleus accumbens a Small volume FWE-corrected using the bilateral anatomical hippocampus mask b Small volume FWE-corrected using the bilateral anatomical striatum mask.
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